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ABSTRACT 

Water, placed i n  t h e  near  proximity of a confined explosion, can 
mi t iga t e  t h e  gas pressure  loading developed i n s i d e  a s t r u c t u r e  confining 
an explosion. 
of new and e x i s t i n g  f a c i l i t i e s  exposed t o  a p o t e n t i a l  i n t e r n a l  explosion. 
This water concept o f f e r s  t h e  p o t e n t i a l  f o r  major savings i n  t h e  cos t  
f o r  explosives s a f e t y  of ordnance f a c i l i t i e s  from acc identa l  explosions,  
for s u r v i v a b i l i t y  of combat f a c i l i t i e s  from enemy weapons, and f o r  physical  
s e c u r i t y  of s e n s i t i v e  f a c i l i t i e s  from terrorist bombings. 

T h i s  paper descr ibes  t h e  mechanism by which water absorbs energy 
from a confined explosion and how t h i s  phenomenon reduces t h e  gas 
pressure  loading from a confined explosion; presents  tes t  da t a  
demonstrating t h a t  water can indeed mi t iga te  t h e  gas pressure  loading 
from a confined explosion; descr ibes  how water could be explo i ted  i n  t h e  
design of f a c i l i t i e s  impacted by confined explosions,  and est imates  t h e  
bene f i t s  der ived from water,  i n  terms of t h e  reduct ion i n  land area  
encumbered by hazardous debr i s  from unhardened ordnance f a c i l i t i e s ,  
reduct ion i n  t h e  cos t  of s t r u c t u r e s  designed t o  f u l l y  o r  p a r t i a l l y  
contain t h e  e f f e c t s  from an i n t e r n a l  explosion, and t h e  increase  i n  t h e  
s a f e  explosive l i m i t  f o r  e x i s t i n g  ordnance f a c i l i t i e s .  

This phenomenon can be explo i ted  i n  t h e  design and operat ion 

1.0 INTRODUCTION 

1.1 Purpose 

This paper descr ibes  how water, placed i n  t h e  near  proximity of a 
confined explosion, can mi t iga t e  t h e  gas pressure  loading developed 
i n s i d e  t h e  s t r u c t u r e  confining t h e  explosion, and how t h i s  phenomenon 
can be explo i ted  i n  t h e  design and operat ion of new and e x i s t i n g  
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f a c i l i t i e s  exposed t o  a p o t e n t i a l  i n t e r n a l  explosion.  This  w a t e r  con- 
cept  o f f e r s  t he  p o t e n t i a l  f o r  major s av ings - in  t h e  cos t  f o r  explosives  
s a f e t y  of ordnance f a c i l i t i e s  E r o m  a c c i d e n t a l  explosions,  f o r  surv iva-  
b i l f i y  of combat f a c i l i t i e s  fram enemy weapons, and f o r  phys ica l  s e c u r i t y  
of s e n s i t i v e  f a c i l i t i e s  from t e r r o r i s t  bomb&gs. 

1.2 Backgtaund - 

In  e a r l y  1991, t h e  Carderock Divis ion,  -Naval Sur face  Warfare Center 
(NSWC), Code 1740.2,  conducted h igh  explos ive  t e s t s  f o r  t h e  Naval C i v i l -  
Engineering Laboratory (NCEL). -These E e s t s s u p p o r t  NCEL development of 
t h e  High Performance (HP) Magazine. 

s t r u c t u r e  wi th  a tunnel  en t rance .  Ordnance-is s t o r e d  i n  t h e  cel ls .  The 
ce l l s  are designed t o  prevent  an inadvertent ,  de tona t ion  i n  any s t o r a g e  
cell  from causing sympathetic de tona t ion  ofIordnance s t o r e d  i n  any o the r  
ce l l .  Consequently, t h e  maximum c r e d i b l e  eaplos ion  (MCE) f o r  t h e  HP 
Magazine is t h e  n e t  explos ive  weight (NEW) capac i ty  of a s i n g l e  cel l .  

The NSWC tests were designed t o  measu&the b e n e f i t  of cons t ruc t ing  
HP cel ls  us ing  w a t e r - f i l l e d  walls i n  order  t o  reduce t h e  peak gas 
p re s su re  and t o t a l  gas  impulse generated b y d h e  MCE i n  t h e  confined 
space of an Rp Magazine. The test results demonstrated t h a t  water ,  
placed i n  t h e  near  proximity of a p o t e n t i a l  explosion,  can reduce t h e  
peak gas pressure  and t o t a l  gas impulse from a confined explosion by a s  
much as  90 percent ,  a t  least f a r  t h e  range of t es t  parameters 
inves t iga ted!  - 

cont rac ted  NCEL t o  determine t h e  s a f e  explos ive  l i m i t  €or  t h e  
Radiography Building 3 5 ,  Pi t t sbu rg ,  Ca l i fo rg ia .  The normal explos ive  
l i m i t  f o r  Bui lding 35 was 5,000 l b  NEW but  t h e  AMHA2 Review Board 
reduced t h e  l i m i t  t o  50 l b  NEW u n t i l  a s t u b  could show a higher  l i m i t  
is s a f e ,  Bui lding 35 faced shut-down due ts i n e f f i c i e n t  opera t ions  
u n l e s s  t h e  l i m i t  could be increased  t o  a t  l e a s t  1,680 l b  NEW. The NCEL 
s tudy  concluded t h a t  t h e  s a f e  explos ive  l i d !  for Building 35 is  less 
than 10 pounds N E W  f o r  p r o t e c t i o n  of people and proper ty  a t  t he  nearby 
government proper ty  l i n e  from hazardous rood d e b r i s  caused by an 
inadver ten t  explosion i n s i d e  t h e  bu i ld ing  (Ref 1). However, NCEL 
proposed a r i s k  mi t iga t ion  s t r a t e g y  t h a t  increases  t h e  s a f e  explos ive  
l i m i t  t o  a t  l e a s t  2,240 pounds NEW by r ep la s ing  t h e  roof system and 
r equ i r ing  a water b lanket  t o  b e  draped over each p a l l e t  o f  ordnance when 
t h e  p a l l e t  i s  anywhere i n s i d e k i l d i n g  35 Wef 2) .  The cos t -bene f i t  of 
t h i s  r i s k  mi t iga t ion  s t r a t e g y  is  very high and expected t o  prevent 
shut-down of Bui lding 3 5 .  

The dramatic  b e n e f i t s  der ived  t o  date sugges t  t h a t  water ,  deployed 
i n  v e r y  s p e c i f i c  ways, may prove t o  be one of t h e  b e s t  s t r a t e g i e s  f o r  
mi t iga t ing  t h e  e f f e c t s  from confined explosions s i n c e  t h e  discovery of 
high explosives!  Hence, pub l i ca t ion  of t h i s  paper which at tempts  t o  
capture  t h e  p o t e n t i a l  app l i ca t ions  and b e n e f i t s  of water i n  t h e  design 
and ope ra t ion  of new and e x i s t i n g  f a c i l i t i e s  exposed t o  a p o t e n t i a l  
i n t e r n a l  explosion.  

The HP Magazine is  a m u l t i - c e l l ,  ea r thsovered ,  R/concrete,  box-shaped 

In l a t e  1991, t h e  Naval Weapons S t a t i o e ,  Concord, Ca l i fo rn ia ,  



1.3 Scope 

This paper provides t h e  following information: 

Describes t h e  mechanism by which water absorbs energy from a 
confined exp 10s ion.  

Presents  test  da t a  demonstrating , that  water can indeed mi t iga te  
t h e  e f f e c t s  from a confined explosion, a t  l e a s t  within t h e  range of 
cur ren t  tes t  da t a .  

I d e n t i f i e s  t h e  types of Naval f a c i l i t i e s  t h a t  a r e  designed t o  
cont ro l  confined explosions and descr ibes  how t h e  bene f i t s  of water 
could be exploi ted.  

Presents  a gross  desc r ip t ion  of concepts f o r  deploying water i n  
various types of f a c i l i t i e s  t o  optimize i t s  e.ffectiveness i n  
mi t iga t ing  e f f e c t s  from confined explosions.  

Estimates t h e  bene f i t s  derived from water,  i n  terms of t h e  
reduct ion i n  land area  encumbered by hazardous debr i s  from 
unhardened ordnance f a c i l i t i e s ,  t he  reduct ion i n  t h e  cos t  of 
s t r u c t u r e s  designed t o  f u l l y  o r  p a r t i a l l y  contain t h e  e f f e c t s  from 
an i n t e r n a l  explosion, t h e  increase  i n  t h e  s a f e  explosive l i m i t  f o r  
e x i s t i n g  ordnance f a c i l i t i e s  and bomb d isposa l  devices,  and t h e  
increased s u r v i v a b i l i t y  of Command and Control Centers aga ins t  
enemy weapons. 

I d e n t i f i e s  t h e  design cr i ter ia  and research and development 
needed t o  exp lo i t  t h e  bene f i t s  of water i n  mi t iga t ing  e f f e c t s  from 
confined explosions.  

2.0 PROBLEM 

2.1 Confined Explosion 

An explosion i n  a confined space causes t h e  accumulation of 
high-temperature gases from t h e  by-products of t h e  explosion. These 
high-temperature gases, i f  expanding i n  a space with r e s t r i c t e d  venting, 
cause t h e  buildup of gas pressures  in s ide  t h e  s t r u c t u r e .  The magnitude 
of t h e  peak gas pressure  depends pr imar i ly  on t h e  weight of explosive 
r e l a t i v e  t o  t h e  volume of t h e  s t r u c t u r e .  The dura t ion  and t o t a l  impulse 
of t h e  gas pressure  depend pr imar i ly  on t h e  degree of vent ing ava i l ab le  
€or these  gases t o  escape from t h e  s t r u c t u r e .  The degree of venting, i n  
tu rn ,  depends on t h e  a rea  of openings and volume of space i n  t h e  
bui ld ing  envelope, t h e  mass and s t r eng th  of t h e  bui ld ing  envelope, and 
t h e  magnitude and loca t ion  of t h e  explosion in s ide  t h e  s t r u c t u r e .  The 
degree of confinement and vent ing i n  most f a c i l i t i e s  is s u f f i c i e n t  t o  
produce s i g n i f i c a n t  gas pressure  loads in s ide  t h e  s t r u c t u r e .  
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2.2  Debris Hazard 

Most Navy ordnance f a c i l i t i e s  used f o r  t h e  product ion,  maintenance, 
assembly and r e p a i r  of weapons are convent ional  (unhardened),  above-ground 
bu i ld ings  con ta in ing  less than  30,000 l b s  NEW. These ordnance bu i ld ings  
must be  s i t e d  a l a r g e  d i s t a n c e  from nearby inhab i t ed  f a c i l i t i e s  i n  o rde r  
t o  l imi t  t h e  r i s k  of  i n j u r i e s  and damage from hazardous d e b r i s  produced 
by t h e  maximum c r e d i b l e  explosion (MCE) i n  t h e  ordnance f a c i l i t y .  

encumbers a l a r g e  a r e a  o f  land.  For  example, t h e  s a f e  s e p a r a t i o n  
d i s t a n c e  t~ i nhab i t ed  f a c i l i t i e s  is  1,250 fee% minimum f o r  an MCE _< ~ 

3 0 , m  pounds N E W .  Thus, an ordnance f a c i l i t y  conta in ing  less than 
30,OW pounds N E W ,  a common s i t u a t i o n ,  encumbers a t  l e a s t  112 acres of 
land  ( t h e  a r e a  of a c i rc le  wi th  a 1,250 f e e t k a d i u s ) .  The s a f e  
s e p a r a t i o n  d i s t a n c e  and encumbered land a r e a a r e  d i c t a t e d  by t h e  s t r i k e  
range of hazardous fragments and d e b r i s .  
axpec ia l ly  near  t h e  Navy wa te r f ron t ,  t h e  va lue  of encumbered land o f t e n  
exceeds t h e  a c q u i s i t i o n  c o s t  of _the ordnance f a c i l i t y !  

p a r t ,  by t h e  gas impulse developed when t h e  explosion is confined by t h e  
bu i ld ing  envelope. This gas impulse c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  
launch v e l o c i t y  of  bu i ld ing  d e b r i s  and t h e  r w u l t i n g  maximum s t r i k e  
range of hazardous d e b r i s .  Thus, any scheme t h a t  reduces t h e  magnitude ~ 

of this gas  impulse would s i g n i f i c a n t l y  reduce t h e  maximum s t r i k e  range 
of hazardous d e b r i s  and t h e  corresponding encumbered land a r e a  needed 
f o r  t h e  s a f e t y  of  people  and proper ty .  

The minimum s a f e  Separa t ion  d i s t a n c e  from an ordnance f a c i l i t y  

A t  t o d a y ' s  r e a l  es ta te  p r i c e s ,  

The s a f e  s e p a r a t i o n  d i s t a n c e  from bu i ld ing  d e b r i s  is d i c t a t e d ,  i n  

~ 

2.3 Contahrnent Structures 

Containment s t r u c t u r e s  are hardened s t r u c t u r e s  designed t o  c o n t r o l  
t h e  escape o f  b l a s t  p re s su res ,  weapon fragments,  and f a c i l i t y  d e b r i s  
from t h e  MCE i n s i d e  t h e  s t r u c t u r e .  Containment s t r u c t u r e s  a r e  designed 
t o  e f t h e r  f u l l y  o r  p a r t i a l l y  con ta in  e f f ec t s - f rom the MCE. 

The TRIDENT Reentry Body Complex, Kings Bay, Georgia, is an example 
of E f u l l  containment s t r u c t u r e  (Ref 3 ) .  Several  rooms i n  t h i s  f a c i l i t y  
w e r d e s i g n e d  t o  f u l l y  con ta in  MCE e € f e c t s  w B h i n  t h e  room i n  o rde r  t o  
s a t i s f y  explos ives  and contamination s a f e t y  o b j e c t i v e s .  The PICE f o r  
s e v e r a l  r e l a t i v e l y  l a r g e  rooms was only  30 I b N E W .  
s i ze  from 26,411 f t  
warhead maintenance rooms. Thus, t h e  high-temperature gases  were 
generated by a r e l a t i v e l y  smal l  MCE and werea l lowed  t o  expand i n  a 
r e l a t i v e l y  l a r g e  space,  i . e . ,  t h e  maximum e x p l o s i  e weiggt (W) t o  room 
volume (V) was q u i t e  small (3x10 < W/V 5 11x10 l b / f t  > .  Yet,  t h e  
gas  p re s su re  loading,  n o t  j u s t  t h e  shock p res su re  loading,  d i c t a t e d  t h e  
design of t h e  R/concrete  wal ls ,  c e i l i n g ,  and doors  needed t o  f u l l y  
con ta in  e f f e c t s  from the MCE. 
magnitude of  t h e  gas impulse from t h e  MCE would have s i g n f f i c a n t l y  
reduced t h e  s t r u c t u r a l  cost t o  f u l l y  con ta in  MCE e f f e c t s  w i th in  t h e  
room. 

The rooms ranged i n  
f o r  exp los ive  s t o r a g e  m o m s  t o  98,172 f t 3  f o r  

-4 -2: 

Any scheme t h a t  would have reduced t h e  

A l t e r n a t i v e l y ,  any scheme t h a t  would reduce t h e  magnitude of t h e  

3 14 - 



gas impulse could be deployed today i n  t h e  e x i s t i n g  Reentry Body 
Complex, thereby increas ing  t h e  s a f e  explosive l i m i t  f o r  t h e  rooms! 

The NAVFAC standard design f o r  a missile tes t  cell  (MTC) is an 
example of a p a r t i a l  containment s t r u c t u r e  (Ref 4 ) .  The MTC is  used t o  
tes t  all-up-round missiles which could detonate  acc ident ly  during t h e  
tes t .  The tes t  is conducted remotely from an adjoining Miss i le  
Maintenance F a c i l i t y .  The MTC p a r t i a l l y  contains  e f f e c t s  from t h e  MCE, 
and vents  e f f e c t s  i n  a s a f e  d i r e c t i o n  away from t h e  adjoining Missile 
Maintenance F a c i l i t y .  The MTC design is  a massive R/concrete, 
box-shaped s t r u c t u r e .  Three w a l l s ,  t h e  f l o o r ,  t h e  roof ,  and t h e  access 
door a r e  hardened designs t h a t  prevent t h e  escape of b l a s t  p ressures ,  
weapon fragments, and f a c i l i t y  deb r i s .  The four th  wal l  i s  a f r ang ib le  
su r face  designed t o  f a i l  and blow away under t h e  force  from t h e  MCE, 
thereby vent ing MCE e f f e c t s  i n  a s a f e  d i r e c t i o n  away from t h e  adjoining 
Missile Maintenance F a c i l i t y .  The f r ang ib le  w a l l  a rea  and mass, 
s t r u c t u r e  volume, and MCE magnitude are i n  a range t h a t  c o n s t i t u t e s  a 
p a r t i a l l y  conf iiied explosion, i n  which s i g n i f i c a n t  gas impulse develops 
i n s i d e  t h e  MTC. This gas impulse, i n  combination with t h e  shock 
impulse, d i c t a t e s  t h e  s t r u c t u r a l  design of sur faces  t h a t  a r e  hardened t o  
prevent t hese  sur faces  from vent ing e f f e c t s  from t h e  MCE. Thus, any 
scheme t h a t  would reduce t h e  magnitude of t h e  gas impulse from t h e  MCE 
would s i g n i f i c a n t l y  reduce t h e  s t r u c t u r a l  cos t  t o  harden t h e  MTC. 
Al te rna t ive ly ,  any scheme t h a t  would reduce t h e  magnitude of t h e  gas 
impulse could be deployed today i n  many e x i s t i n g  MTCs, thereby 
increas ing  s i g n i f i c a n t l y  t h e i r  s a f e  explosive l i m i t !  

2.4 Combat Survivability 

Special  combat f a c i l i t i e s ,  such as Navy Command and Control 
Centers,  a r e  designed t o  p ro tec t  operat ions from enemy weapons. This 
performance ob jec t ive  is  very d i f f i c u l t  t o  achieve, given t h e  extreme 
accuracy and penet ra t ing  power of today 's  weapons. 
of re inforced  concrete ,  s teel ,  s o i l  cover, and rock rubble  can f a i l  t o  
prevent today 's  weapons from pe r fo ra t ing  an i n t e r i o r  space. 
t h e  s t r u c t u r e ,  detonat ion of t h e  warhead c o n s t i t u t e s  a f u l l y  confined 
explosion, developing a gas impulse t h a t  destroys a l l  spaces i n  t h e  
f a c i l i t y .  Consequently, combat f a c i l i t i e s  are o f t e n  subdivided by 
hardened p a r t i t i o n s  designed t o  l i m i t  t h e  spread of damage t o  t h e  room 
where t h e  weapon per fora ted  t h e  s t r u c t u r e .  However, t h i s  s t r a t e g y  is 
o f t e n  very expensive because t h e  gas impulse generated by t h e  explosion 
i s  l a rge  when t h e  high-temperature gases a r e  confined t o  a s i n g l e  room. 
Consequently, surv ivable  s t r u c t u r e s  aga ins t  today 's  t h r e a t s  a r e  very 
expensive, i f  not  impract ical!  Any scheme t h a t  would reduce t h e  magni- 
tude of t h e  gas impulse from t h e  MCE would s i g n i f i c a n t l y  reduce t h e  
s t r u c t u r a l  cos t  of survivable  combat f a c i l i t i e s .  Al te rna t ive ly ,  any 
scheme t h a t  would reduce t h e  magnitude of t h e  gas impulse could be 
deployed today i n  e x i s t i n g  combat f a c i l i t i e s ,  thereby increas ing  t h e  
s u r v i v a b i l i t y  of t hese  f a c i l i t i e s  aga ins t  enemy weapons! 

Even massive amounts 

Once in s ide  
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2 .5  Terrorhit Bombhgs 

Given a choice,  t e r r o r i s t s  w i l l  t y p i c a l l y  de tona te  bombs i n  a con- 
f ined  space,  such a s  a lobby, t o  achieve maximum damage t o  a bu i ld ing .  
Thedamage enhancement r e s u l t s  from t h e  gas impulse a s soc ia t ed  with a 
confined explosion.  Any scheme t h a t  would raduce t h e  magnitude of t h e  
gas impulse would s i g n i f i c a n t l y  reduce t h e  s t r u c t u r a l  c o s t  of hardening 
confined spaces t o  p r o t e c t  s ensF t ive  f a c i l i t i e s  from t e r r o r i s t  bombings. 
A l t e rna t ive ly ,  any scheme t h a t  would reduce the magnitude o f  t h e  gas 
impulse could be deployed today i n  confined spaces a€ s e n s i t i v e  
f a c i l i t i e s ,  thereby inc reas ing  t h e  p h y s i c a l s e c u r i t y  of t hese  f a c i l i t i e s  
aga ins t  t e r r o r i s t  bombings! 

3 . 0  SOLWION 

3.3. Water Concept 

The water  concept r equ i r e s  water t o  be deployed i n  t h e  near  
proximity,  but  no t  n e c e s s a r i l y  i n  con tac t ,  wjtth t h e  explos ive  material. ~ 

The water  must be i n  t h e  near  proximity of t h e  explos ive  a t  a l l  t imes 
when an inadver ten t  explosion is a c r e d i b l e  event .  

One poss ib l e  concept f o r  deploying t h e  water i s  a water b lanket ,  as 
i l l u s t r a t e d  i n  F igure  1 .  For t h e  case  of p a l l e t i z e d  ordnance, t he  water 
blanket  would be draped over  t h e  top  of each p a l l e t  of ordnance. 
b l anke t ( s )  dedica ted  t o  a p a l l e t  of ordnance would conta in  a minimum 
amount ~f water ,  t h e  amount depending on t h e  type  and NEW of h igh  
explos ive  s t o r e d  on t h e  p a l l e t .  In  theory,  TNT explos ive  would r e q u i r e  
about 1.8 l b  of w a t e r  f o r  each pound of TNT whi le  11-6 explosive would 
r equ i r e  about 3 . 8  Ib  of water for each pound of Ii-6. The blanket: would 
be some commercial o f f - the - she l f  design.  The blanket  ma te r i a l  would be 
punctuxe r e s i s t a n t ,  y e t  not  r e t a r d  a e r o s o l i z s t i o n  of t h e  water by t h e  
shock wave from an explosion.  
38 inches,  s l i g h t l y  less than  t h e  minimum wjdth of any p a l l e t  of 
ordnance. The length  and number of b lankets  dedica ted  to  each Da l l e t  

The 

?he blanket  width would be f ixed  a t  about 

w i l l  vary,  depending on t h e  NEW and type of exp1.osive ~ stoxed o n - t h e  
p a l l e t .  

~ ~ 

3.2 Phenomenon 

Detonation of a high explos ive  produces high p res su re  shock waves 
which t r a v e l  outward i n  a l l  d i r e c t i o n s  from t h e  explosion a t  extremely 
high v e l o c i t y .  These high speed shock waves s t r i k e  and a e r o s o l i z e  t h e  
water  loca ted  j n  t h e  near  proximity of t h e  explosion.  The aerosol ized  
water  prevents  combustion of detonat ion  products  by prevent ing access  t o  
oxygen and by cool ing  gases  below t h e  temperature  r a p i r e d  t o  s u s t a i n  
combustion. For t h i s  t o  occur,  t h e  aerosol iz2d  water must absorb t h e  
de t ana t ion  energy of t h e  explosive.  
high explosives  range from 980 calor ies /gram for TNT explos ive  t o  2030 
ca lar ies /gram f o r  H-6 explos ive .  

Typical  h e a t s  of de tona t ion  for ~ 

V a p o r i z a t i m  of water absorbs 539 
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calories/gram plus  one calorielgramldegree t o  heat  t h e  water t o  100 
degrees Cels ius .  Thus, t h e  aerosol ized water can absorb a l l  of t h e  
detonat ion energy of t h e  explosive i f  t h e  weight ra t io  of water t o  
explosive is 980/539 = 1.8 f o r  TNT explosive and 2030/539 = 3.8 f o r  H-6 
explosive.  These r a t i o s  assume t h e  aerosol ized water is 100% e f f i c i e n t  
i n  e l imina t ing  t h e  hea t  detonat ion,  thereby e l imina t ing  t h e  hea t  of 
combustion and assoc ia ted  burning of explosive by-products i n  t h e  a i r .  
In  p rac t i ce ,  t h e  weight r a t i o  of water t o  explosive should probably be 
s l i g h t l y  g rea t e r  than t h e  above values  t o  account f o r  less than 100% 
e f f i c i ency  i n  e l imina t ing  t h e  hea t  of detonat ion.  In  any case,  t h e  ne t  
e f € e c t  of t h e  water absorbing t h e  detonat ion energy of t h e  explosive i s  
a major reduct ion i n  t h e  peak gas pressure  and t o t a l  gas impulse from 
t h e  confined explosion. 

( i n  a matter of mil l iseconds)  i n t o  a f i n e  m i s t  of water d rop le t s  
suspended i n  t h e  atmosphere of t h e  containment s t r u c t u r e .  Hence, t h e  
need f o r  t h e  shee t ,  l ayer ,  pi l low or blanket of water t o  be located i n  
t h e  near proximity o f ,  bc t  not  necessa r i ly  i n  contact  with,  t h e  
explosive producing t h e  explosion. The water m i s t  p resents  a 
su r face  a rea  of water,  an ideal. condi t ion f o r  e f f i c i e n t l y  converting t h e  
water from a l i q u i d  s ta te  t o  a vapor s t a t e .  The l a t e r - t ime  buildup of 
high-temperature gases from t h e  by-products of t h e  explosion, expanding 
i n  a f u l l y  o r  p a r t i a l l y  confined space with r e s t r i c t e d  vent ing,  cause 
huge amounts of energy re leased  by t h e  explosion t o  be quickly 
d i s s ipa t ed  by changing t h e  water m i s t  from a l i q u i d  s t a t e  t o  a vapor 
s t a t e .  The consequence of t h i s  phenomenon i s  a peak gas pressure  and 
t o t a l  gas impulse much less ( a s  much as 90% l e s s  based on test da ta )  
than the  peak gas pressure  and t o t a l  gas impulse would have been i n  t h e  
absence of water.  

The u t i l i t y  of t h e  water concept i s  expected t o  diminish with an 
increas ing  ra t io  of ne t  explosive weight t o  s t r u c t u r e  volume (W/V). 
Although t h e r e  a r e  no test  da t a  t o  prove t h i s  t o  be t h e  case, c e r t a i n  
negat ive f a c t o r s  a r e  obvious a t  high values of W/V. For example, a t  
some very high W/V, t h e r e  i s  i n s u f f i c i e n t  space t o  accommodate t h e  
volume of explosive (and t h e  a t tached  i n e r t  components) and water.  
Because of t h e  volume of i n e r t  components, t h e  cr i t ical  W/V f o r  bombs 
(high explosive dens i ty)  would be higher  than f o r  container ized missiles 
(low explosive dens i ty ) .  A t  some lower W/V, t h e  ava i l ab le  space can 
accommodate t h e  volume of water and explosive i t e m s  but  t h e r e  is 
i n s u f f i c i e n t  a i r  space in s ide  t h e  s t r u c t u r e  t o  allow t h e  shock waves 
from t h e  explosion t o  aerosol ize  t h e  water.  In  t h i s  case,  t h e  t o t a l  
sur face  area of water - in-a i r  is too  low r e l a t i v e  t o  i t s  t o t a l  weight, 
thereby preventing t h e  gas temperatures from converting much water from 
t h e  l i q u i d  s t a t e  t o  t h e  vapor s t a t e ,  and, hence, no s i g n i f i c a n t  absorpt ion 
of t h e  detonat ion energy by t h e  water.  A t h i r d  cons t r a in t  i s  t h e  capac i ty  
of t h e  s t r u c t u r e  t o  confine,  a t  l e a s t  p a r t i a l l y ,  t h e  explosion a t  t h e  
high shock p lus  gas pressures  assoc ia ted  with a high W/V. Unless t h e  
s t r u c t u r e  can confine t h e  high temperature gases f o r  some minimum t i m e ,  
then t h e  water cannot absorb much detonat ion energy from t h e  explosive.  
Thus, t h e r e  i s  some upper bound value of W/V t h a t  def ines  t h e  l i m i t  f o r  

Idea l ly ,  t he  shock waves need t o  aerosol ize  t h e  water very quickly 
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a p p l i c a t i o n  of t h e  water concept.  This  c r i t i c a l  va lue  of W/V w i l l  vary 
o f  course ,  depending on s e v e r a l  parameters,  such a s  type  of explos ive ,  
type  of ordnance, l o g i s t i c s  c o n s t r a i n t s ,  and-the a r c h i t e c t u r a l  and 
s t r r r c tu ra l  des ign  of t h e  containment s t r u c t u r e .  

The u t i l i t y  of t h e  water concept is a l s o  l imi t ed  by t h e  c a p a b i l i t y  of 
l o g i s t i c s  systems t o  cope wi th  t h e  weight and volume o f  water needed t o  absorb 
t h e  de tona t ion  energy of t h e  explosive,  However, it i s  a n t i c i p a t e d  t h a t  t h e  
watsr concept is a very p r a c t i c a l ,  u s e f u l ,  cost e f f e c t i v e  concept f o r  a very 
broad range of scena r ios  faced every day i n  t h e  "explosives world," a s  
f l l i i s t r a t e d  by t h e  broad range of a p p l i c a t i G s  descr ibed i n  Sec t ion  4 . 0  
of t h i s  paper .  

3.3 ~ Demonstration Tests 

R e s u l t s  from high  explos ive  tes ts  conduEted by NSWC demonstrate 
t h a t  water can reduce t h e  peak gas p re s su re  and t o t a l  gas impulse 
generated by f u l l y  and p a r t i a l l y  confined explosions.  The NSWC tests 
were 1/12th s c a l e  model tests of s t o r a g e  cells i n  HP Magazines (Ref 5 ) .  
The cel ls  w e r e  3-wall  cub ic l e s  wi th  w a t e r - f i l l e d  wa l l s ,  a s  shown i n  
Figure 2a. The tests involved de tona t ing  a cyl inder-shaped TNT charge 
( r j g h t  cy l inde r  wi th  L/D = 1.0) a t  t h e  geomeTric c e n t e r  of a 3-wall  c e l l  
w i t h  w a t e r - f i l l e d  walls.  The water-wall  c e l l  r e s t e d  on a t a b l e  loca ted  
i n s i d e  a hardened, unvented, steel chamber t h a t  f u l l y  contained e f f e c t s  
f r o m t h e  t e s t  explosion.  In  a l l  tests,  t h e  weight of explos ive ,  W ,  was 
4 . 6 f l b  TNT, t h e  test  chamber vdyme,  V ,  waspl,150 f t  , and t h e  vent  
a r e a  of t h e  chamber, A , w a s  0 f t  . 

Typical  p l o t s  of r h e  gas p re s su re  versuS t i m e  measured i n s i d e  t h e  
ces t  chamber a r e  shown i n  F igure  2b. The scope of t h e s e  tests and t h e  
peak gas p re s su re  measured i n s i d e  t h e  test  chamber a r e  summarized i n  t h e  
t a b l e  below. Note t h a t  providing 2.89 pounds of water f o r  each pound of 
TNT explos ive  (W /W = 2.89) reduced t h e  pealsgas  p re s su re  from 54.1 p s i  
(average of t e s t a  1 and 10) t o  5.85 p s i  (average of tests 7 and 8) f o r  a 
t o t a l  reduct ion  of nea r ly  90%! 

3 
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Water 
Weight 

TNT 
T e s t  T e s t  Weight 
N o .  Configuration w (1b) 

1 Hung bare charge 4.67  

Peak G a s  
Pressure 

_g 
p (Ps i )b  

55.4 0 0 0.00406 

2 Bare charge on t a b l e  4.67  0 0.00406 51.3 0 

3 Charge immersed i n  cube 4.67  
of water 

1.93 0.00406 5 . 1  9 . 0  

4 Charge immersed i n  cube 4.67 
of water 

2.89 0.00406 4 . 4  13.5 

9 . 0  

9 . 0  

13.5 

13.5 

9.0 

5 3-Wall cubic le  with 2" 4.67 
t h i c k  water walls 

1.93 0.00406 8.3 

6 3-Wall cubic le  with 2" 4.67 
t h i c k  water w a l l s  

1.93 0.00406 7.5 

7 3-Wall cubic le  with 3" 4.67 
t h i c k  water walls 

2.89 0.00406 5.9 

8 3-Wall cubic le  with 3" 4.67  
t h i ck  water walls 

2.89 0.00406 5 . 8  

9 Charge immersed i n  cube 4.67 
of ethylene glycol 
(50/50) 

1.93 0.00406 6 . 0  

10 Hung bare  charge 4.67 0 0 0.00406 52.7 

a 3 volume, V = 1,150 f t  ; sca led  vent a rea  of test  chamber, 

bAverage value from 11 pressure transducers located in s ide  test  chamber. 
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4 - 0 APPLICATION 

4.1 ExplosJves Safety 

Ordnance f a c i l i t i e s  house ordnance ope ra t ions  suppor t ing  t h e  Naval - 

Ammunition L o g i s t i c s  System (NALS). The des igns  f o r  t h e s e  ordnance 
f a c i l i t i e s  are heav i ly  inf luenced  by Navy explos ives  s a f e t y  r egu la t ions  
intended t o  l i m i t  t h e  r i s k  of  i n j u r i e s  and damage from an acc iden ta l  
explosion i n s i d e  t h e  f a c i l i t y .  
hardened des ign ,  r e s u l t i n g  i n  a high cons t ruc t ion  c o s t  t o  e i t h e r  f u l l y  
or  p a r t i a l l y  con ta in  e f f e c t s  from an acc iden ta l  explosion i n s i d e  t h e  
s t r u c t u r e ,  o r  an unhardened des ign ,  r e s u l t i n g  i n  a high encumbered land 
c o s t  t o  accommodate Explosives  S a f e t y  Quant i ty  Distance (ESQD) a r c s .  
The fol lowing s e c t i o n s  i l l u s t r a t e  t h e  p o t e n t i a l  a p p l i c a t i o n s  and b e n e f i t s  
of deploying water i n  ordnance f a c i l i t i e s  t o - s i g n i f i c a n t l y  reduce t h e  
cos t -of  f a c i l i t i e s  and land suppor t ing  t h e  NALS. 

The ordnance f a c i l i t y  i s  e i t h e r  a 

4 . 1 . 1  X-ray Facilities. X-ray f a c i l i t f e s  are used t o  X-ray ordnance 
i t e m s  and explos ive  components, such a s  warheads, p r o j e c t i l e s ,  fuzes ,  
and rocket  motors, t o  eva lua te  t h e i r  s t a t e  a€  r ead iness .  Radiography 
BuiMing 35, P i t t s b u r g ,  C a l i f o r n i a ,  is a typcca l  X-ray f a c i l i t y .  

The USN AMHAZ Review Board r e c e n t l y  rednsced t h e  NEW l i m l t  for 
Building 35 from 5,000 l b  NEW t o  50 l b  NEW because of t h e i r  concern 
about  hazardous p re s su res ,  fragments,  and d e b r i s  a t  t h e  government 
proper ty  l i n e  from t h e  MCE i n  Bui lding 3 5 .  -me reduced NEW l i m i t  
s eve re ly  degrades t h e  e f f i c i e n c y  of  X-ray ope ra t ions .  Consequently, 
Naval Weapons S t a t i o n ,  Concord, C a l i f o r n i a ,  con t r ac t ed  NCEL t o  eva lua te  
t h e  hazards and develop a r i s k  m i t i g a t i o n  s t r a t e g y  t h a t  would inc rease  
the  s a f e  N E W  l i m i t  f o r  Bui lding 35 t o  a t  least  1,680 l b  NEW. 

with  very massive r e in fo rced  conc re t e  wa l l s  and equlpment door;  a 
s loped ,  f r a n g i b l e ,  cor ruga ted  metal  roof;  and a smal l  a t t ached  s t r u c t u r e  
of convent ional  cons t ruc t ion .  The main s t ruc t ixre  has one l a r g e  room, 
called t h e  X-ray Exposure Room, where e x p l o s e e s  a r e  x-rayed. The f l o o r  
p l an ,  e l e v a t i o n  view, and roof d e t a i l s  are shown i n  F igure  3 .  

s a f e  explos ive  l i m i t  i s  less than  10 l b  NEW because damage t o  t h e  

Radiography Building 35 i s  a l a r g e ,  rectangular-shaped s t r u c t u r e  

NCEL analyzed t h e  hazards  from Bui ld ing  35 and concluded t h a t  t he  

f r a n g i b l e  roof produces hazardous b l a s t  p re s su res  and h 
d e b r i s  a t  t h e  proper ty  l i n e  f o r  an MCE 2 10 Ib N E W  (Ref 
developed a r i s k  m i t i g a t i o n  s t r a t e g y  t h a t  increases t h e  
from less than 10 l b  NEW t o  a t  least  2,240 I F N E W .  The 
r equ i r e s  t h e  fol lowing renovat ions t o  Bui lding 3 5 :  

a .  Require a water  b lanket  t o  be p a r t  izf each p a l  

zardous roof 
1 ) .  NCEL 
s a f e  NEW l i m i t  
s t r a t e g y  

e t  of ordnance 
w h i k  t h e  p a l l e t  i s  anywhere i n s i d e  Bui id ing  35. The des ign  and 
deployment concepts f o r  t h e  w a t e r  b lanket  a re  shown i n  F igure  1. 

b.  Replace t h e  e x i s t i n g  cor ruga ted  metal roof wi th  a p r e c a s t ,  
R/concrete  roo f ,  c o n s i s t i n g  of  p r e c a s t ,  R/concrete  T-beams pos i t ioned  
s idezby-s ide ;  a ca s t - in -p lace  R/concrete  t o m n g  s l a b ;  and a chimney 



vent ,  a s  shown i n  Figures 4a and 4b. The average thickness  of t h e  
R/concrete roof ,  Tc, i s  18 inches.  The chimney vent ,  located an equal 
d i s tance  from the  property l i n e s ,  restricts t h e  vent ing of shock waves 
from t h e  MCE i n  Building 35. This r e s t r i c t i o n  l i m i t s  t h e  peak inc ident  
pressure  a t  t h e  property l i n e  t o  1 . 2  p s i  maximum, t h e  l i m i t  allowed by 
NAVSEA OF-5 s a f e t y  regula t ions  f o r  t h e  s a f e t y  of people and property a t  
government property l i n e s .  The cas t - in-p lace ,  R/concrete topping s l a b  
provides a c r i t i c a l  roof mass t h a t  cont ro ls  t h e  maximum s t r i k e  range of 
roof deb r i s ,  s tops  weapon fragments, s lopes t h e  roof f o r  water runoff ,  
and holds t h e  T-beams together  when t h e  roof moves upward from e f f e c t s  
of t h e  MCE. 

c. Add four  ready-service magazines in s ide  t h e  bui lding,  each 
magazine separated by a nonpropagation w a l l ,  as shown i n  Figure 4c. The 
magazines a r e  ven t i l a t ed ,  skid-mounted, and re loca tab le .  Designs a r e  
commercially ava i l ab le  t h a t  meet a l l  f ede ra l  specs f o r  s a f e t y  and 
s e c u r i t y  of explosives s torage .  The magazines are s i zed  t o  accommodate 
the  water blanket draped over t h e  top  and down two s ides  of each p a l l e t  
load. The nonpropagation wal l s  prevent sympathetic detonat ion between 
any two magazines, thereby l imi t ing  t h e  MCE t o  560 l b  NEW, t h e  s a f e  
s torage  ca.pacity of each magazine. 

d.  Conduct a l l  ordnance receipt/shipment operat ions in s ide  t h e  
bui lding by parking t h e  f l a tbed  t r a i l e r  ( t r a i l e r  containing t h e  
ordnance) i n s ide  t h e  bui ld ing  with the  en t ry  door c losed before  any 
ordnance i s  t r ans fe r r ed  t o  o r  from t h e  t ra i ler .  This arrangement 
mi t iga tes  t h e  hazards assoc ia ted  w i t h .  ordnance t r a n s f e r  operat ions,  as 
shown i n  Figure 3a.  

The water blanket i s  a major element of t h e  r i s k  mi t iga t ion  
s t r a t e g y  €or Building 35. 
t h e  water i n  t h e  bl.anket, thereby allowing t h e  water t o  absorb huge 
amounts of energy ( t h a t  would normally c r e a t e  gas pressure)  by changing 
t h e  water m i s t  from a l i q u i d  s t a t e  t o  a vapor s ta te .  Consequently, t h e  
water blanket reduces t h e  peak gas pressure  and t o t a l  gas impulse 
generated by t h e  MCE. This reduction, i n  tu rn ,  reduces t h e  maximum 
s t r i k e  range of roof debr i s  from about 124 f t  (without water blanket)  t o  
about 12.6 f t  (with water b lanket ) ,  as  shown i n  Figure 4d f o r  T = 18 
inch. 
90%! To gain the  same r e s u l t  without a water blan e t  would requi re  a 
12 - f t  deep s o i l  l aye r  covering t h e  e n t i r e  3,200 f t  a rea  of t h e  roof! 
This s o i l  mass would weigh 2,112 tons! Thus, t h e  water blanket  
e l iminates  t h e  need t o  p lace  2,112 tons of s o i l  on t h e  roof which would 
be very expensive and su re ly  imprac t ica l .  Without t h e  water blanket ,  
NCEL found no p r a c t i c a l  s t r a t e g y  f o r  increas ing  t h e  s a f e  explosive l i m i t  
f o r  Building 35 t o  t h e  minimum l i m i t  needed f o r  e f f i c i e n t  ordnance 
operat ions.  

The shock wave from t h e  MCE w i l l  ae roso l ize  

Thus, t h e  water blanket  reduces t h e  s t r i k e  range of debrfs  by 

tz 

321 



4.1.2 Missile Maintenance F a c i l i t i e s .  A Missile Maintenance 
F a c i l i t y  (MMF) is  an intermediate- level  maintenance a c t i v i t y  for t h e  
assembly, r epa i r ,  and t e s t i n g  of Navy m i s s i l e s .  A t y p i c a l  MMF is a very 
la rge ,  unhardened s t r u c t u r e  with R/concrete w a l l s  and a metal o r  
R/concrete roof.  The s a f e  explosive l i m i t  f a r  an MMF is usual ly  l e s s  
than 30,000 l b  N E W ,  i n  which case t h e  ESQD dis tance  t o  nearby inhabi ted 
f a c i l i t i e s  i s  1,250 f t .  This ESQD a r c  encumbers a t  l e a s t  112 acres of 
1 and I 

t he  MMF, t he  mls s i l e  i s  removed from i t s  container  and placed on a 
Missile Assembly and Maintenance IMAM) stand.  The missile remains on 
the  MAM stand during the  e n t i r e  maintenance cyc le .  

A w a t e r - f i l l e d  c rad le  mat t ress  could be a permanent p a r t  of t he  MAM 
s tand,  as i l l u s t r a t e d  i n  Figure 5a.  By so  doing, t he  proper amount of water 
would be deployed i n  the  i d e a l  laca t ions  of t he  MMF, i . e . ,  i n  the  near 
proximity of each explosive component i n  the  MMF, regardless  of when o r  where 
t h e  m i s s i l e  was moved ins ide  t h e  MMF. Given an inadvertent  explosion a s  
i l l u s t r a t e d  i n  Figure 5b, t he  d i s t r i b u t i o n  of water throughout the  MMF would 
be the i d e a l  d i s t r i b u t i o n  a t  a l L t i m e s !  ~~ 

The MAM s tand could e a s i l y  accommodate t h e  water mat t ress ,  without the 
matt ress  i n t e r f e r i n g  with maintenance operat tons on t h e  missile. I f  
necessary,  t he  water mat t ress  could be l o c a m  below t h e  main beam assembly 
(Figure 5a) of t h a  MAM s tand.  

of the missile. The ne t  explosive weight is less than about 300 l b  NEW for  
most surface-launched mis s i l e s  and l e s s  than about 100 lb  NEW fo r  most a i r -  
launched mis s i l e s .  Based on a weight r a t i o  of water-to-explosive equal t o  
2 .0 ,  t h e  approximate c h a r a c t e r i s t i c s  ~ of t h e w a t e r  mat t ress  would be a s  
follows : 

Miss i les  a r e  de l ivered  t o  the  MMF i n  t h e i r  container .  Once in s ide  

The c h a r a c t e r i s t i c s  of t he  water mat t ress  depend on the  c h a r a c t e r i s t i c s  

Maximum Weight 

Missile Type W ( l b  NEW) Ww ( l b )  Vx ( f t  1 

~ 

Mattress Size 
L X W X I I  3 Explosive R a t i o  Water Quantity 

-- Y- -- - _ _  _r_-_- 
~ 

Surface Launched 300 2.0 6 F U  9 . 6  1 0 ' ~  2 ' x  0 ' - 6 "  
A i r  Launched 100 2- 0 2m 3 . 2  6 ' x l  ' -6"xO ' -4'' 

A 

The mattress  mater ia l  would be puncture r e s G a n t ,  ye t  not r e t a rd  
a e r o s o l h a t i o n  of t he  water by the  shock waves from inadvertent  detonat ion 
of t b e  missile on the  MAM s tand.  

The deb r i s  p red ic t ion  model shown i n  Figure 6a was used t o  es t imate  the  
bene f i t s  of deploying water mat t resses  i n  a Missi le  Maintenance F a c i l i t y  and 
o ther  s imi l a r  types of unhardened, abovegroumd, ordnance f a c i l i t i e s .  
Tho model i s  crude i n  terms of s imulat ing t h e  ac tua l  breakup pa t t e rn  of 
the  bui ld ing  envelope. However, the  model ccrrrectly accounts for a l l  
c r i t i c a l  parameters, including the  following: 



The mass of t h e  bui ld ing  envelope. 
The shock pressure  loading appl ied t o  each ind iv idua l  bu i ld ing  
sur face ,  as a funct ion of time, based on t h e  computer program 
SHOCK. 

of each bui ld ing  sur face ,  as  a funct ion of t i m e ,  when these  
bui ld ing  sur faces  a r e  displaced outward by t h e  i n t e r n a l  gas 
and shock pressure  loadings,  based on computer program FRANG 
2.0  which simultaneously t r acks  the  displacement-time h i s t o r y  
of f i v e  bui ld ing  sur faces .  

bu i ld ing  vent a rea  increases  with t i m e  and allows gas 
pressures  t o  vent from t h e  bui lding,  based on computer program 
FRANG 2.0 .  
The c r i t i c a l  launch angle  of debr i s  from each bui ld ing  sur face ,  
based on t h e  r o t a t i o n  capac i ty  of t h e  bui ld ing  envelope a t  i ts 
supports .  
The f l i g h t  t r a j e c t o r y  and s t r i k e  range of bu i ld ing  debr i s ,  
based on computer program T R A J .  

p ressure  due t o  t h e  water,  and t h e  i n t e r n a l  gas pressures  a t  
a l l  subsequent times based on FRANG 2.0 ,  us ing a pseudo 
explosive weight t h a t  would produce t h e  i n i t i a l  peak gas 
pressure  in s ide  t h e  bui ld ing .  

The vent a rea  c rea ted  f o r  gases t o  escape around t h e  perimeter 

The i n t e r n a l  gas pressure,  as a funct ion of t i m e ,  a s  t h e  

The reduct ion (assumed t o  be 89%) i n  t h e  i n i t i a l  peak gas 

I t  was assumed t h a t  a t y p i c a l  bu i ld ing  is L = 100' long, w = 50' 

The bui ld ing  eiivelope has no 
wide, and H = 15' high. The MCE is assumed t o  be located a t  t he  cen te r  
of t h e  bui lding,  4' -0 ' '  above t h e  f l o o r .  
i n i t i a l  vent a rea ,  i . e . ,  t h e  bui ld ing  has no windows and no open doors. 
The mass of t h e  bui ld ing  envelope, 71, is 25 psf minimum and 200 psf 
maximum. Breakup of t h e  bui ld ing  envelope requi res  no work t o  be done, 
i . e . ,  t h e  s t r a i n  energy absorbing capaci ty  of t h e  bui ld ing  envelope is 
zero.  The c r i t i c a l  mass of launched debr i s  is  1 .0  l b .  

The b e n e f i t s  of t h e  water mattress a r e  described by t h e  curves 
presented i n  Figures 6b, 6c, and 6d. The predic ted  reduct ion i n  t h e  
t o t a l  gas p lus  shock impulse due t o  water,  R (%), is presented i n  
Figure 6b as  a funct ion of t h e  ne t  explosive weight, W ,  of t h e  MCE and 
t h e  u n i t  mass, 71, of t h e  bui ld ing  envelope. The predic ted  reduct ion i n  
t h e  debr i s  d i s t ance  due t o  water,  Rd (%), is presented i n  Figure 6c as a 
funct ion of W and 71. The predic ted  reduction due t o  water i n  t h e  land 
area  ( inc luding  t h e  a rea  of t h e  bui ld ing  f o o t p r i n t )  encumbered by wall 
deb r i s ,  R (%), accounting f o r  d i f fe rences  i n  t h e  debr i s  d i s tance  from 
sidewalls  and endwalls, i s  presented i n  Figure 6d, as  a funct ion of W 

i, Rd, and R and 71. Note i n  these  f igu res  t h a t  R 
W and decreasing 71, as one would expect.  Most important, t hese  f igu res  
fo recas t  t h a t  major reduct ions i n  t h e  land area encumbered by bui ld ing  
debr i s  can be achieved by deploying water mat t resses  on MAM s tands i n  
Missile Maintenance F a c i l i t i e s !  

i 

A 

decrease with increas ing  A 

The reduct ion i n  encumbered land area ,  
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R , Tanges from 75 t o  9Q% f o r  W < 1000 l b  NEW, from 20 t o  75% f o r  W = 
1&DLlb  NEW, and from 15 t o  50% for  W = 3 0 , m  l b  NEW1 
r ep resen t  huge sav ings  i n  va luable  w a t e r f r o n t  r e a l  estate needed t o  
p r o t e c t  people and p rope r ty  from a c c i d e n t a l  m p l o s i o n s  i n  ordnance 
bui ld ings!  
approaches t h e  c o s t -  b e n e f i t  of t h e  w a t e r  c m e p t .  

These reduct ions  

NCEL could n o t  i d e n t i f y  an a l t e r e a t i v e  s t r a t e g y  t h a t  even 

4.1.3 Missile Test Cells. The s t anda rd  des ign  f o r  a NAVFAC Type I 
Missile T e s t  C e l l  (MTC) is  shown i n  F igure  7 a .  The MTC is used t o  t es t  
t h e  r e l i a b i l i t y  of a l l -up-round (AUR) missiles b e f o r e  d e l i v e r y  t o  t h e  
F l e e t .  

mjssile. Consequently, t h e  AUR t es t  is conducted remotely from a 
c o n t r o l  room loca ted  i n  t h e  ad jo in ing  Missile Maintenance F a c i l i t y .  

shown I n  F igure  7a .  
and 15' high .  The f l o o r ,  roof and 3 walls are b l a s t  hardened t o  prevent  
t h e B s c a p e  of b l a s t  pressures, weapon fragments,  and d e b r i s .  The f o u r t h  
wal l  is a f r a n g i b l e  w a l l ,  a s  shown i n  Figiire 7a.  This  f r a n g i b l e  wal l  i s  
designed t o  f a i l  and vent  explosion e f f e c t s  i n  a s a f e  d i r e c t i o n  away 
from t h e  ad jo in ing  Missile Maintenance F a c i l i t y .  

The test missile is r e s t r a i n e d  on a tes t  r e s t r a i n t  f i x t u r e  about 
3 ' -6* '  above t h e  HTC f l o a r ,  a s  shown i n  F igu re  7a. The MTC houses var ious  
t es t  suppor t  equipment and an overhead br idge  c rane  which t r a v e l s  t h e  
length  of t h e  MTC. The br idge  c rane  is  userLto  p o s i t i o n  t h e  t e s t  missile 
on t h e  tes t  r e s t r a i n t  f i x t u r e .  ~ 

A water p i l low could be deployed i n  t h e  MTC, a s  i l l u s t r a t e d  i n  
Figure 7b. Given a mishap dur ing  t h e  AUR t es t ,  t h e  shock waves from t h e  
MCE would a e r o s o l i z e  t h e  water ,  thereby reducing t h e  t o t a l  gas  impulse 
generated t n s i d e  t h e  MTC. The water p i l low would be moved i n t o  p o s i t i o n ,  
d i r e c t l y  over  t h e  t e s t  m i s s i l e ,  wi th  t h e  b r i age  c rane  j u s t  be fo re  t h e  
MTC f s  evacuated t o  begin t h e  AUR tes t .  
suspended from t h e  b r idge  c rane ,  maybe 3 or 4 f e e t  above t h e  t es t  missile, 
f o r  3 h e  d u r a t i o n  of t h e  AUR test. 

The c h a r t  i n  F igure  7 c  i l l u s t r a t e s  t h e  p o t e n t i a l  b e n e f i t  der ived  
from t h e  water  p i l low.  The two curves i n  F igure  7 c  desc r ibe  t h e  t o t a l  
shock p lus  gas  impulse, i + i , a p p l i e d  by t h e  maximum c r e d i b l e  
explos ion ,  W ,  t o  t h e  ceilHng oft t h e  MTC, wi th  and without  t h e  water 
p i l l ow.  
FRANG, based on a f r a n g i b l e  wal l  mass, X = 30 p s f ;  a des ign  explos ive  
welght equal  t o  1 . 2  W ;  and t h e  flCE loca ted  a t  midlength of t h e  box, 
3' -6" above t h e  f l o o r .  

l i m i t  f a r  an e x i s t i n g  MTC. 
t o t a l  gas p l u s  shock impulse by about 78% f o r W  = 100 l b  NEW, by about 
37% for W = 3aO l b  NEW, and by about 27% f o r 4  = l Q O Q  l b  N E W !  

= 300 l b  NEW which according t o  F igure  7 c  wiU. apply i 
p s i - m e c  t o  t h e  c e i l i n g  of t h e  MTC. 

A mishap du r ing  t h e  t es t  could lead  t o  inadverkent  de tona t ion  of t h e  

The MTC is  a massive r e i n f o r c e  concre te ,  box-shaped s t ruc ture ,  as 
The i n t e r i o r  of t h e  box is  4 0 ' - B "  long, 25'wide, 

The water  p i l l ow would be 

These curves were generated us ing  swnputer programs SHOCK and 

The water p i l low could s i g n f f i c a n t l y  inc rease  t h e  s a f e  explos ive  
From Figure  7 c ,  t%e water p i l low reduces t h e  

The NAVFAC Type I MTC was designed f o r  a s a f e  exp los ive  l i m i t  of W 
4 i = 16,000 

Therefore ,  i f  t heg to t aQ impulse 

3 2 4  



capaci ty  of t h e  c e i l i n g  is  16,000 psi-msec then it follows from Figure 
7c t h a t  t h e  water pi l low could increase  t h e  s a f e  explosive l i m i t  t o  
about W = 780 l b  NEW o r  160%! Actually,  t h e  explosive l i m i t  i s  more 
l i k e l y  t o  increase  about 100% o r  t o  W = 600 l b  NEW, because t h e  dura t ion  
of t h e  gas impulse exceeds t h e  t i m e  required f o r  t h e  c e i l i n g  s l a b  t o  
reach i t s  maximum de f l ec t ion .  In any case,  deployment of t h e  water 
pi l low concept could s i g n i f i c a n t l y  increase  t h e  s a f e  explosive l i m i t  o f  
e x i s t i n g  mis s i l e  t e s t  cells! 

x 2.0  = 1200 l b  o r  1200 / 62.4 = 19 f t  of water f o r  W = 600 l b  NEW. 
The weight r a t i o  2.0 accounts f o r  propel lan t  i n  missiles. Assuming an 
average missile is about 12' long, t h e  pi l low would be about 12' long, 2 '  
wide, and 0 ' - 9 "  th ick .  The br idge crane i n  e x i s t i n g  MTCs could e a s i l y  
support  t h i s  pi l low load and t h e r e  i s  ample space above t h e  tes t  
r e s t r a i n t  f i x t u r e  t o  pos i t i on  t h e  water pi l low d i r e c t l y  above t h e  test  
missile. 

The water concept would requi re  t e pi l low t o  hold about 600 l b  NEW 9 

4.1.4 Ready Service Magazines. Ready Service (RS) magazines are 
small ,  earth-covered, box-shaped, re inforced  concrete  s t r u c t u r e s  designed 
t o  s t o r e  small  q u a n t i t i e s  of high explosives.  Typical RS magazines have 
R s to rage  capac i ty  of about 100 l b  NEW and t h e i r  ESQD a rcs  encumber as  
much a s  112 acres  of land t o  p ro tec t  people and property from an acc identa l  
explosion. Deployment of water blankets  i n  RS magazines would s i g n i f i c a n t l y  
reduce t h e  land area  encumbered by ESQD a rcs ,  e spec ia l ly  i f  t h e  water 
concept was combined with t h e  use of non-propagating walls designed t o  
reduce the  MCE i n  RS magazines. Further ,  t h e  water concept may allow RS 
magazines t o  be s i t e d  c lose r  t o  t h e  opera t ing  bui ldings they a r e  intended 
t o  support .  

4.1.5 Missile Storage Magazines. Missi le  Storage (MS) magazines 
are la rge ,  earth-covered, box-shaped, r e in fo rce  concrete  s t r u c t u r e s  used 
t o  s t o r e  container ized,  all-up-round missiles. A t y p i c a l  MS magazine i s  
t h e  NAVFAC Type C magazine. 
deep, and 15' high which contains  about 71,000 f t  of a i r  space.  To 
f a c i l i t a t e  t h e  s to rage  and r e t r i e v a l  of conta iners ,  t h e  magazine i s  used 
t o  s t o r e  no more than about 120 l a rge  missile containers  o r  about 14,000 
f t  of cargo. This number of containers  represents  no more than about 
60,000 l b  N E W .  Thus, only about 20 percent of t h e  magazine space is 
used t o  s t o r e  mis s i l e s .  This s to rage  plan provides an explosive dens i ty  
€or thg magazine equal t o  60,000 l b  NEW + 71,000 f t 3  of space = 0.85 l b  
NEW/ft whish i s  r e l a t j v e l y  high compared t o  t h e  range of e x i s t i n g  test  
da t a  (4x10 l b  NEW/ft of space) .  Preliminary ca l cu la t ions  ind ica t e  
t h a t  water blankets  deployed over mis s i l e  containers  may not  reduce t h e  
ESQD a rc s  and assoc ia ted  encumbered land area by very much. However, 
test da ta  need t o  be co l l ec t ed  i n  t h i s  W/V range t o  determine i f  t h e  
bene f i t s  of deploying water blankets  i n  MS magazines are s i g n i f i c a n t  
enough t o  be used i n  t h i s  appl ica t ion .  

The magazine i n t e r i o g  is  94'-8" wide, 50' 
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4.2 SURVIVABILTTY 

St ruc tu ra l  s u r v i v a b i l i t y  of today 's  combat f a c i l i t i e s  i s  d i f f i c u l t  
t o  achieve,  given the  extreme accuracy and penet ra t ing  power of today 's  
weapons. Even massive amounts of re inforced concrete,  s t e e l ,  s o i l  cover, 
and-rock rubble can f a i l  t o  prevent today 's  weapons from per fora t ing  an 
i n t e r i o r  space. Once in s ide  t h e  s t r u c t u r e ,  detonat ion of t he  warhead 
c o n s t i t u t e s  a f u l l y  confined explosion, developing a gas impulse t h a t  
destroys a l l  spaces i n  the  f a c i l i t y .  Dispersion of resources is o f t en  
the  only  p r a c t i c a l  s t r a t e g y  t o  achieve reasanable l eve l s  of s u r v i v a b i l i t y ,  
but t h i s  s t r a t e g y  is  very expensive. The f d l o w i n g  sec t ion  i l l u s t r a t e s  
a pcrtential  appl ica t ion  and t h e  bene f i t s  of deploying water i n  combat 
f a c i l i t i e s  t o  reduce t h e  construct ion cos t  m d  increase the  s u r v i v a b i l i t y  
of t h e  s t r u c t u r e .  

4.2.1 Cornand and Control Centers. ANavy Command and Control ~ 

Center is shown i n  Figure 8. The s t r u c t u r e  3 s  a deeply buried,  
R/concrete s t r u c t u r e  subdivided i n t o  rooms by p a r t i t i o n s  designed t o  
confine explosion e f f e c t s  t o  the  room where t h e  enemy weapon happens t o  
pe r fo ra t e  the  s t r u c t u r e .  ~ 

Water blankets  could be deployed i n  a Command and Control Center,  
a s  F l lu s t r a t ed  i n  Figure 8. The w a t e r  blanEets could be suspended from 
t h e  c e i l i n g  or hung as drapes near t h e  w a l l s  of each room. Given t h a t  
an enemy weapon pe r fo ra t e s  the  s t r u c t u r e ,  t he  shock waves from the  
explosion would aerosol ize  t h e  water,  thereby reducing the  peak gas 
pressure and the  t o t a l  gas impulse generated in s ide  the  room where the  
explosion occurs.  

The water blankets  would s i g n i f i c a n t l y  reduce the  s t r u c t u r a l  cos t  
of new Command and Control Centers,  and s i g n i f i c a n t l y  increase t h e  
s u r v i v a b i l i t y  of e x i s t i n g  Command and Contra1 Centers! For most deep 
penet ra t ion  weapons, t he  r a t i o  of warhead explosive weight, W ,  t o  room 
volfiine, V ,  is probably 30 grea te r  than t h e  WJV r a t i o  of e x i s t i n g  test 
da ta  (W/V = 0.004 l b / f t  ) .  Consequently, the water blankets  could be 
expected t o  reduce t h e  peak gas pressure  and t o t a l  gas impulse by near ly  
9 0 X ,  based on t e s t  r e s u l t s  presented i n  SeckLon 3 . 3 .  

blanket must contain about 100 x 2 . 5  = 250 Ib of water o r  2 5 0 / 6 2 . 4  = 4 f t  
of water. This quant i ty  of water could be m n v e n i a t l y  suppl ied by one 
blanket per  room, measuring about 6 '  long x + '  wide x 0 ' - 2 "  th ick .  The 
blanket could be e i t h e r  suspended 2 o r  3 ft-below the  c e i l i n g  o r  hung as  
a drape a t  some minimum standoff  d i s tance  from the  nea res t  wal l .  

The water blanket concept o f f e r s  s i g n i f i c a n t  increases  i n  
s u r v i v a b i l i t y  and reductions i n  cons t ruc t io r r cos t .  In  e x i s t i n g  
f a c i l i t i e s ,  a 90% reduct ion i n  t h e  peak gas pressure,  P , t r a n s l a t e s  
i n t o  about a 90% reduct ion in the  maximum dynamic def leg t ion  of t he  
p a r t i t i o n s ,  r e s u l t i n g  i n  major reduct ions in  damage t o  e x i s t i n g  
f a c i l i t i e s .  I n  new f a c i l i t i e s ,  a 90% reduction i n  P reduces the  
r e w i r e d  thickness  of p a r t i t i o n s  by a t  l e a s t  about S@A, r e s u l t i n g  i n  
major reductions i n  t h e  cons t ruc t ion  cos t  a€ b l a s t  r e s i s t a n t  p a r t i t i o n s  
and doors. 
d e t a i l .  

3 I f  t h e  design t h r e a t  was a 100 l b  NEW warhead, then the  water 

These p o t e n t i a l  bene f i t s  need . t obe  quant i f ied  i n  more 
~ 

~ 
~ 



4.3 Physical Security 

The water concept o f f e r s  a cos t  e f f e c t i v e  s t r a t e g y  f o r  quickly 
upgrading the  physical  s e c u r i t y  of s e n s i t i v e  f a . c i l i t i e s  aga ins t  
t e r r o r i s t  bomb t h r e a t s .  

4.3.3. Terrorist Bombings. Physical s e c u r i t y  of s e n s i t i v e  
f a c i l i t i e s  i s  d i f f i c u l t  t o  achieve aga ins t  t h e  t h r e a t  of terrorist 
bombings. Detonated i n  any f u l l y  o r  p a r t i a l l y  confined space, t h e  
confined explosion will develop a s i g n i f i c a n t  gas pressure  impulse t h a t  
can cause major damage t o  a f a c i l i t y .  
could be concealed i n  confined spaces of t h e  f a . c i l i t y ,  thereby reducing 
t h e  gas impulse and assoc ia ted  l e v e l  of damage t o  t h e  f a c i l i t y .  

Water blankets  o r  water drapes 

4.4 Explosive Ordnance Disposal 

The water concept could enhance t h e  s a f e t y  and ca.pabi l i ty  of 
Explosive Ordnance Disposal (EOD) teams when t r anspor t ing  explosive 
devices  t o  d i sposa l  si tes.  

4.4.1 Bomb Carts. A bomb cart is a mobile containment vessel used 
to  t r anspor t  explosive devices .  The vesse l  i s  designed t o  f u l l y  contain 
explosion e f f e c t s  i f  t h e  explosive device(s )  were t o  detonate  in s ide  t h e  
ves se l .  A t y p i c a l  bomb c a r t  is shown i n  Figure 9 .  Located in s ide  t h e  
ves se l  is a basket formed from w i r e  screen.  The bomb i s  c a r r i e d  i n  t h e  
basket  which holds t h e  bomb a minimum standoff  d i s t ance  from t h e  walls 
of t h e  containment vessel. 

Water - f i l l ed  hotdogs could be hung a t  s eve ra l  po in ts  along t h e  
ou te r  perimeter of t h e  bomb basket ,  as  shown i n  Figure 9.  Given an 
acc identa l  explosion, the  shock waves from t h e  explosion would 
ae roso l i ze  t h e  water,  thereby reducing t h e  peak gas pressure  generated 
i n s i d e  t h e  containment vesse l .  
and t h e  containment ves se l  volume, t h e  aerosol ized water could absorb 
t h e  detonat ion energy of t h e  explosive,  thereby reducing t h e  peak gas 
pressure  by as much as 90 percent .  Thus, t h e  water hotdogs could 
s i g n i f i c a n t l y  increase  t h e  explosive weight capac i ty  of e x i s t i n g  bomb 
c a r t s  and s i g n i f i c a n t l y  reduce t h e  f ab r i ca t ion  cos t  of new bomb c a r t s .  

Depending on t h e  bomb's explosive weight 

5 . 0  BENEFITS 

Major bene f i t s  can be r ea l i zed  by deploying t h e  water concept t o  
mi t iga t e  t h e  gas pressures  from confined explosions.  The major bene f i t s  
include : 

Major reduct ions i n  t h e  s t r u c t u r a l  cos t  of containment 
s t r u c t u r e s  designed t o  e i t h e r  f u l l y  o r  p a r t i a l l y  contain 
e f f e c t s  from an i n t e r n a l  explosion. 
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Major reduct ions  i n  the land area-encumbexed by ESQD arcs 
designed t o  p r o t e c t  people  and p rope r ty  from explosions i n  
ordnance f a c i l i t i e s .  - 

Major tncreases  i n  t h e  e x p l o s i v e l i m i t  of e x i s t i n g  f a c i l i t i e s  
t h a t  f u l l y  o r  p a r t i a l l y  conf ine  RE i n t e r n a l  explos ion .  

* Major reduct ions  in the  e x t e n t  of-damage t o  e x i s t i n g  
f a c i l i t i e s  from an i n t e r n a l  exploFion. 

6.  (F RECOMMENDATIONS 

Begin r e sea rch  on water  concepts i n  FY93. The magnitude of 
t h e  p o t e n t i a l  b e n e f i t s  t o  the Department of Defense j u s t i f y  
i n i t i a t i n g  t h e  p r o j e c t  immediately. 

A major r e sea rch  p r o j e c t  should be i n i t i a t e d  t o  develop t h e  
des ign  c r i t e r i a  needed t o  s a f e l y  deploy water t h a t  mi t iga t e s  
e f f e c t s  from confined explos ions  i n  new and e x i s t i n g  
f a c i l i t i e s .  - 
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Figure 1. Conceptual design and deployment of water blanket. 
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Figure 2a. Typical setup for NSWC tests showing water filled 
cell located on a table inside an unvented test 
chamber with test explosive located at geometric 
center of the 3-wall cell. 

Test  a 
Explosive = 4.67 Ib TNT 

Water = 13.5 Ib 
P, = 5.8 psi 

Reduction = 89% 

Test 2 
Explosive = 4.67 Ib TNT 

Water = 0 Ib 
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Figure 2b. Gas pressure versus time measured inside unvented 
test chamber from detonation of test explosive 
without water-filled walls (Test 2) and with 
water-filled walls (Test 8 ) .  
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MCE-1 = 560 LBS. I 

MCE-3 = 560 Ibs. 

X-ray Exposure Room 

MCE-1: Ordnance Shlpplng & Receiving 
MCE-2: Ordnance Storage 
MCE-3: Ordnance X-ray Testing 

Figure 3a. Floor plan and MCE envelopes - Radiography 
Building 35, Pittsburgh, CA. 

SECTION A-4 
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20 Ton C r a n g g ]  I 
Panels 4'-6" x 8'-6" 

X-RAY EXPOSURE; 

14 WF 30 Beam 

Figure 3b. Elevation view - Radiography Building 35, 
Pittsburgh, CA. 
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R/C o n c rete Precast 
Double T-Beams with 
Cast-in-Place R/Concrete 

Figure 4a. Conceptual design of new roof and chimney for 
Building 35 - precast R/concrete T-beams with 
cast-in-place topping slab. 

Remove & Dlscard Existing Corrugated Metal 
Roof, Steel Purlins, & Steel Beams. Add Precast 
RIConcrete Double T-Beams with Cast-In-Place 
R/Concrete Topping Slab. 

WConcrete 
Chimney Vent, 4. = 68 ft2 \ 

Government 
Property 
'Line 1 I" v I '  
/ '96: 0 4 

/' 
' \ Existing R/Concrete 

Walls 
\ 

\ 

Existing R/Concrete 
Door (1 7'-0" x 

. 04 i w - n ~ ~  Y . w  " II 

4'-01T) 
\ &.d' 7y 1 

Figure 4b. Conceptual design of new roof and chimney vent to 
mitigate hazardous blast pressures, weapon fragments, 
and facility debris at government property line. 
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Ready Service 

Exterior Walls of 
X-ray Exposure Roo 

Figure 4c. Conceptual design and arrangement of four ready- 
service magazines to safely store 2,240 lb NEW and 
limit and MCE to 560 lb NEW. 
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Figure 4d. Effect of water blanket on max 
R/concrete roof debris for MCE 
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T-Beam roof 
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Water Filled 
rCradle Mattress r Missile 

Missile Assembly and 
Maintenance Stand 

1. Restraining Strap 
2. AFTTrolley 
3. CAS Forward Trolley 
4. Main Beam Assembly 
5. Forward Trolley 

Figure 5a. Conceptual design of water mattress deployed on 
a Missile Assembly and Maintenance Stand. 

Work 
* - -  .- 

Aerosol i ted 
Water 

. C .  

.c . 4  *. 

F i g u r e  5b. Missile Maintenance Facility - missiles at t h e i r  work 
stations with water deployed on Missile Assembly Stands 
when explosion occurs. 
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Figure 6c. Reduction in debris distance (Rd) from water IIIitigatOr 
as a function of net explosive weight (W) and weight 
of building envelope (y) .  
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Figure 6d. Reduction in encumbered land area (R,) f r o m  water 
as a function of net explosive weight (I?) and weight 
of building envelope (y). 
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0 

F i g  

Missile Maintenance 
Facility (Unhardened) 

NAVFAC TYPE I 
MISSILE TEST CELL 
Hardened R/Concrete Bo 
25'-0"W x 40'-0' L x 15'-O"H Interior 
Explosive Limit = 300 Ib NEW 

(No Water Pillow) 

.. , .: 
L. 

'ure 7a. NAVFAC Type I missile test cell adjacent to Missile 
Maintenance Facility for all-up-round testing of missiles. 

Use Bridge Crane to Position 
and Support Water Pillow 
Over Test Restraint F'kture 
During AII-Up-Round 
Missile Test 

Water Pillow 

Figure 7b. Conceptual design of water pillow deployed above all -up- 
round. missile in missile test cell. 
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Net Explosive Weight, W (Ib TNT) 

Figure 7c. Increase in explosive weight capacity of NAVFAC 
Type I missile test cell by deploying water pillow. 

Figure 8. Navy Command Si Control Center - water blanket 
suspended from ceiling to enhance survivability 
against penetrating weapons. 

- 
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Water Explosive 
Hotdogs Devices 

Bomb 

SECTION A-A 
Containment 
Vessel 

BOMB CART 

Figure 9. Conceptual design of a bomb cart 
suspended from outer rim of bomb 

with water hotdogs 
basket. 
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